
Abstract
This paper provides a novel home-proxy based framework
which integrates the mobility management and QoS
management techniques that have been adopted in the
Internet environment. It then combines a mobility
prediction and resource pre-allocation scheme with the
above home-proxy based framework to provide an
efficient mobility management environment capable of
supporting real-time services. The viability and efficiency
of the scheme is demonstrated through a simplistic
analysis.

1. Introduction

The natural evolution of cellular systems and Internet
technologies is towards a wireless Internet, which will
provide access not only to voice and short message
services, but also to all information services, including
real-time communications, from anywhere at anytime.
However, the convergence of these technologies to
provide ubiquitous access has been hampered by three
major factors. Firstly, the traditional Internet protocol
suite could not support mobility. Secondly, the bandwidth
of the wireless access networks available so far has been
insufficient. Finally, the best effort nature of the Internet
services, together with the volatility of the radio
propagation characteristics have made it impossible for
these systems to provide the quality of service (QoS)
guarantees necessary to support any real-time services.

Nevertheless, the research community has addressed
some of these issues and the techniques are being
standardised. The IETF has adopted Mobile IP [1] to
handle mobility in Internet environments. There has also
been tremendous advances in radio technologies, which
has enabled mobile systems to offer data services at much
higher data rates in the next generation systems [2].
Moreover, there has been considerable progress in
developing techniques for providing QoS guarantees in
Internet environments [3, 4]. But these developments,

until recently, have been largely done in isolation. As a
result, the mobility management and QoS management
techniques that have been adopted are incompatible, and
do not provide an integrated solution to the problem of
providing real-time services.

The objective of this paper is to describe how a home-
proxy based framework together with user mobility
prediction and resource pre-allocation can be used to
provide an integrated solution to the above problems.
Unlike many proposals in this area, our work focuses on
the practical perspectives of user movement estimation
and resource pre-allocation. The rest of the paper is
organised as follows. In Section 2, we give an overview of
related work in integrating user mobility into QoS
management. In Section 3, we describe the findings of
some realistic movement traces and a practical solution to
improve the prediction accuracy ratio. In Section 4, we
apply this approach to pre-allocate resources in our home-
proxy based wireless Internet framework. In Section 5, we
present a simplistic analysis that estimates its
improvement in handover latency. Finally, we summarise
this article in Section 6.

2. Related Work in Incorporating User
mobility into Internet QoS Management

It is generally difficult to promise a specified level of
QoS to a mobile user since there may not be enough
resources in the part of the network that the mobile user is
moving into. Even with the assurance of spared network
resources, the latency associated with resource allocation
at new paths can be prohibitively large, especially when
the corresponding host is some distance away. For
continuous services in real-time, mobile systems need to
provide seamless roaming capability to mobile users.
Moreover, the mobile service models should also honour,
at least statistically, the QoS agreements between a
mobile host and the serving network. The approaches
taken to this problem are based on advance reservation.
Advance reservation needs to deal with two aspects,
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namely how to configure resources in advance, and where
to reserve resources for mobile users.

2.1. How to Configure Resources in Advance

Recently, the research community has addressed this
issue using a combination of Mobile IP and IntServ
models. Depending on the topology used for reserved data
paths, these proposals can be classified into three
categories: pre-configured anchor rerouting (e.g. MRSVP
[5]); pre-configured path extension (e.g. advanced
reservation signalling [6]); and pre-configured tunnelling
tree (e.g. simple QoS signalling [7]). In many of these
approaches, new concepts such as RSVP proxy agents and
passive reservation are introduced. Unfortunately, this
implies that all intermediate RSVP-capable routers have
to be upgraded and it is unclear how these features would
impact the IntServ and DiffServ architectures.

2.2. Where to Pre-allocate Network Resources

It is non-trivial to determine where to pre-allocate
resources because the future times and locations of a
mobile user is very hard to predict. Despite the
difficulties, many resource pre-allocation algorithms have
been proposed to safeguard the QoS agreements of mobile
services. Locations participating in the pre-allocation
process can be derived from the surrounding neighbours
of the current position [6], the movement history of
mobile users [5], or an aggregate virtual system [8]. It is
noticeable that the further ahead a scheme tries to pre-
allocate resources, the more likely a network can honour
an agreement for the lifetime of the session. However, this
is achieved at the expense of poor overall network
utilisation because of the poor prediction accuracy.

Future mobile service models
need to make a compromise
between the level of service
commitments and the risk of over-
subscriptions in the mobile
network. The aggregate virtual
system appears to be a scalable
approach, but the scope of this
system and the feasibility of its
aggregated functions are unclear
[8]. The neighbourhood allocation
scheme is the simplest. However,
resources are likely to be over-
subscribed because users seldom
walk randomly in real-life. The
allocation scheme based on user
mobility history, on the other
hand, can reserves resources in
selective surrounding cells, and
thereby attempts to minimise the

probability of over-subscription in the mobile network.
Although this view has been supported by simulation
results from various sources [9, 10], its usefulness in
reality cannot be fully verified until the actual user
mobility is better understood.

3. Mobility Prediction: A Realistic Study

From the above discussion, the resource allocation
scheme based on user mobility history seems to be a
promising approach. However, most algorithms proposed
so far have used simplified movement models that do not
accurately characterise user mobility. As a result, these
rough assumptions lead to unrealistic conclusions that
tend to misplace network resources. Therefore, we believe
that it is beneficial to investigate some actual mobility
traces and compare our findings with some common
movement models.

A commonly perceived notion is that user movements
have some level of regularity. In particular, it is believed
that by logging the user movements for a sufficiently long
time, one can identify the similarities between the current
trajectory and the past movement patterns, so that the
future location(s) of a mobile user can be determined with
a higher confidence.

3.1. Traces of Realistic Movements

In order to verify the above claim, we analysed two
real-life user mobility traces in both indoor [11] and
outdoor [12] environment. This paper consolidates our
previous work by examining another set of outdoor
movement traces taken from a local GSM network. In
April 1999, we logged the identity of basestations a
mobile phone was connected to as a user was travelling by

train between the central business district
of Sydney and one of its outer suburbs.
This user followed the same railway link
for both inbound and outbound journeys,
and the train regularly stopped at 14 train
stations as illustrated in Figure 1. Also,
this diagram shows some triangular
symbols that represent the locations of
basestation registered in the traces. We
had traced 26 round-trip journeys during
the office hours of five consecutive
working days and on average, 30
handover events were recorded for each
single trip.

3.2. Prediction of User Movements

Recently we analysed and compared
these three sets of mobility traces. Our
findings consistently indicate that userFigure 1. The GSM Movement Traces



mobility patterns displayed a significant amount of
variation, and they could not be accurately predicted. In
addition, it is noticeable that the matching criteria and the
source of mobility history affected the accuracy of a
prediction algorithm. In particular, we found that more
complicated matching algorithms do not guarantee an
improvement on the prediction accuracy, but a simple
algorithm based on the direction of travel has the best
performance (approximately 72%).

In the indoor movement case, the daily activities of
multiple users were captured. Our analysis supports the
common assumption that each user has some level of
regularity in their movements. In both outdoor movement
traces, a single user was travelling forwards and
backwards along a fixed route. Despite his regular
behaviour, we found that the mobility patterns of these
trips varied significantly and they were difficult to predict.
By examining these mobility patterns in details, it was
found that most “random components” of the traces came
from the Ping-Ponging between adjacent base stations or
some temporary handovers to other base stations
relatively far apart (i.e. not neighbouring base stations).
We can visualise this observation by dividing the route in
Figure 1 into six segments, and surrounding those
basestations at each segment with an ellipse (identified as
region A to F in the diagram). For instance, it can be
shown that when the user was travelling in region A, his
mobile phone tended to handover to a lot more
basestations than it did in other regions. We believe that
the above effects are caused as a result of a combination
of signal fluctuations, constraints of the surroundings,
congested cells, and moving obstacles.

Another common assumption of these outdoor mobility
patterns is that the forward and backward movement
traces are very similar except their order is reversed. In
spite of the presence of some key basestations along the
path, our analysis does not strongly support this claim of
reverse mapping between forward and backward
movements. We believe that this variance is a
consequence of the use of hysteresis in handover
algorithm. In its presence, handover decisions of forward
and backward journey are very likely to take place at
different locations within a cell, and thereby the statistics
of handover patterns tend to vary.

From the above discussion, we have seen a large
discrepancy between the user mobility models in the
literature and the actual system measurements. The main
reason of this problem is that frequent assumptions of
mobility model focus on the behavioural patterns (i.e. the
physical movements) of users, but pay less attention to
user mobility from the perspective of a wireless network.
What is required in a wireless system is for the mobility
prediction algorithms to predict the network access point
through which the mobile user will connect to the
network. In other words, we should predict the

cell/basestation to which the user will next connect, rather
than the physical location that the user is moving into.

3.3. A Practical Resource Reservation Scheme
Based on Mobility History

From our previous study of movement traces, it is clear
that a useful mobility prediction algorithm needs to
incorporate not only user behavioural patterns, but also
wireless link characteristics and the handover decision-
making mechanism. However, all these are complicated
issues, and comprehensive solutions may not be available
in the near future.

Nevertheless, we believe that a user’s movement
history still contains valuable information about his/her
behavioural patterns and some useful hints about the
stability of wireless link along the movement path. As a
practical approach to improve the prediction accuracy and
the feasibility of resource reservation, we have proposed
an adaptive mobility prediction algorithm [11, 12].
Because of the uncertainty of estimating user’s future
movements in reality, we have constrained this algorithm
to predict only the next move of the user’s present path. A
parameter called the Prediction Confidence Ratio (PCR)
is used to express the user’s desire of service continuity.
This prediction algorithm is defined as follow [11]:

“A prediction is derived from the probability
distribution of all possible next moves from the mobility
history. If the first predicted cell does not contain a
probability higher than the PCR, one or more extra cells
will be added to the group of cells in which resources will
be reserved in advance. This process will continue until
the sum of their probabilities exceeds the targeted PCR.”

The motivation of this adaptive mobility prediction
algorithm is to avoid predicting the random components
of user movements. Instead of selecting the most likely
cell but not meeting the user’s expectation of service
continuity, this algorithm can adaptively reserve resources
in advance at multiple nearby cells according to the user
behavioural patterns and wireless link characteristics.
Applying this algorithm with different values of PCR into
our mobility traces, we can improve the prediction
accuracy ratio accordingly. For example, the prediction
accuracy ratio of the outdoor movement traces is initially
72%. By requesting a PCR of 75%, the prediction
accuracy ratio increases to 80% but an average cell
participation of 1.6 is required [12].

4. Integration of Resource Pre-allocation
into a Wireless Internet Framework

In this section we try to implement the concept of PCR
into a home-proxy based wireless Internet framework
such that network resources can be allocated in advance at
multiple locations. Figure 2 shows the environment in



which this framework is to operate. In this diagram, a
mobile host (MH) is communicating with a corresponding
host (CH) while it is on the move across various
administrative domains. The architecture of this system
[13] can be broken down into three components: Home
Register (HR), Home Proxy (HP), and Wireless Internet
Gateway (WIG). These modules collaborate with each
other to fulfil the basic functions of roaming services.
Because the resource reservation is closely related to the
mobility management in our framework, we will briefly
describe its operation in the next section.

4.1. Mobility management of the Framework

To accommodate frequent handovers, our mobility
management is divided into two levels:
1. Mobility management between administrative domains

(Macro-Mobility) is handled at the session layer via a
session layer mobility management (SLM) module
[14]. For instance, When a connection is made to a
MH that is away from home, the HP accepts the
connection on behalf of the MH. Then the HP makes a
separate connection, via its own SLM module, to the
SLM module at the MH. Similar to its peer at the HP,
the SLM module at the MH accepts the connection on
behalf of the MH, and makes a separate connection to
the waiting application. When this MH moves to
another domain, the inter-SLM connection is simply
torn down and re-established between the HP and MH.
As the connection state is retained by SLM and the
original connections are shielded from the details of
the network, the movement of the MH is transparent to
the applications. It is note worthy that the maintenance
of inter-SLM connection requires no special mobility
support at the underlying QoS architecture.

2. Mobility management within an administrative domain
(Micro-Mobility) is managed at the network layer. A
WIG is placed at the boundary of an access network
which serves as the mobility interchange gateway
between macro- and micro-mobility. To efficiently
route data packets to a MH without tunnelling or
address conversion, we have chosen a dynamic per-

host routing scheme similar to HAWAII [15] or
Cellular IP [16]. In this approach, packets are
forwarded on a hop-by-hop basis from WIG over a
dynamically established path to the MH. Since the IP
address of MH is fixed, the user mobility within the
access network would be transparent to the Internet
backbone.

4.2. Resource Pre-allocation of the Framework

To reduce the complexity of resource reservation for
MHs, we assume that in this framework the bottleneck of
network resources is likely to appear at the Internet
backbone or at the wireless link. This implies that the
network paths joining BSs and the WIG should be either
well engineered or over provisioned. We believe that it is
not difficult to achieve in real practice because the
internal network is normally owned by the same
administrative entity and has relatively large and cheap
bandwidth. Based on this assumption, we can divide
resource reservation into two levels, similar to the
mobility management.
1. Advance Macro-Reservation: WIG plays an important

role in our resource reservation scheme for mobile
users. At the macro-level, it behaves as the first or last
hop of the underlying QoS framework to complete the
QoS path across the Internet backbone. For instance, it
can act as an ingress or egress router for the DiffServ
architecture, or as a RSVP proxy agent [5, 6] for the
IntServ architecture. Advance macro-reservation can
be achieved without further changes in the existing
QoS framework, because the SLM module at the HP
can simply establish multiple connections to different
WIGs if their domains contain the predicted locations
of next move.

2. Advance Micro-Reservation: At the micro-level, the
WIG allocates wireless resources at BS(s) in which the
QoS path is expected to be initiated or terminated. In
our framework, the QoS support across the Internet
backbone is managed by the macro-reservation.
Therefore, we argue that by assigning wireless
resources for a QoS path at multiple BSs, we are

effectively extending the QoS support
of this Internet connection in advance
into multiple locations. Moreover, as
the mobile user moves from one
location to another, the basestations
participating in resource reservation
can vary according to the prediction.
Nevertheless, regardless of the user
location and mobility patterns inside
the domain, the same QoS path is used
to carry traffic across the Internet
backbone, and hence no change is
required at macro-reservation level.
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Figure 2. The dual-level approach of mobility management and advance
resource reservation in the home-proxy based wireless Internet framework



These different levels of resource pre-allocation
processes are schematically shown in Figure 3. For the
ease of illustration, we only indicate one possible location
of next move in the diagram, but this reservation process
can be repeated multiple times depending on the PCR
value and the probability distribution of the next move.

5. Improvement of Handover Latency using
Advance Reservation

In this section we present a simplistic analysis on the
duration of handover latency with and without advance
reservation. The process of macro- and micro-mobility
management without advance reservation is very similar
to the one shown in Figure 3. However, the MH does not
send out any pre-allocation request and hence resource
reservation and DHCP address assignment will start after
the MH has arrived at the new location.

In the analysis, we calculate the duration of various
stages during a handover (i.e. Figure 3 (b) – (e)) by
adding up the delay of subsequent protocol entities. It is
assumed that all control and QoS signalling messages
travel at the same speed (2ms locally and 50ms across the
backbone), and processing delays are negligible at all

network nodes. Note that the delay of DHCP assignment
and the delay of arrival detection depend heavily on the
software implementation. It was measured that the DHCP
assignment can vary from 2.6 seconds (standard
implementation) to 103ms (optimised) [17]. Similarly, the
detection of subnet advertisements can range from 2.5
seconds (standard implementation) to a few msec (say
5ms via link layer detection) [18].

The result of our analysis shows that the delay of
arrival detection has a negative impact on handover
latency for both the macro- and micro-mobility. The
handover latency of macro-mobility without advance
reservation can be as high as 5.26 seconds, whereas the
latency with advance reservation can be reduced to 2.61
seconds. This improvement is caused by the pre-
assignment of DHCP address during advance marco-
reservation.

Provided if the arrival detection is handled by link
layer beacons, the handover latency of marco-mobility
can be as small as 113ms for advance macro-reservation.
This value is roughly equal to the round trip delay of the
Internet backbone. However, in the scenario of macro-
mobility without any advance reservation, the handover
latency still takes about 2.77 seconds because DHCP
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address allocation is performed after the arrival.
Regarding the handover latency of micro-mobility, the

delay of arrival detection still plays an important role.
Once being handled by link layer beacons, it can be as
small as 11ms and 17ms for handover latency with and
without advance reservation.

From the above calculation, it is noticeable that the
delays of arrival detection and DHCP assignment should
be optimised if real-time services are supported in the
network. Finally, one important aspect not mentioned in
this analysis is that with advance reservation, service
continuity would be secured after the handover.

6. Summary

In this paper we have presented an overview of our
home-proxy based mobility management scheme.
Furthermore, we have investigated some user mobility
traces. The results show that user mobility patterns in real
life are influenced by a combination of signal fluctuations,
constraints of the surroundings and handover mechanism.
To pre-allocate network resources in reality, we should
predict the cell to which the user will next connect, rather
than the physical location that the user is moving to. We
have proposed the Prediction Confidence Ratio (PCR)
through which network resources can be reserved in
advance at multiple cells according to the user mobility
patterns. Then, we have applied this concept to our home-
proxy based framework and formed a dual-level approach
of mobility management and resource pre-allocation.
Compared with other proposed schemes of advance
reservation in Section 2, our techniques appear to be more
feasible with little complication to the underlying QoS
architecture.  Finally, through a simplistic analysis we
have identified the importance of optimising the delay of
arrival detection, and the advantages of performing
advance reservation during handover. To prove the
viability of the framework as mentioned in this paper, an
experimental testbed is currently being built.
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